Abstract: The semi-constrained NMSSM (scNMSSM) extends the MSSM by a singlet field, and requires unification of the soft SUSY breaking terms in the squark and slepton sectors, while it allows that in the Higgs sector to be different. We try to interpret the muon g-2 in the scNMSSM, under the constraints of 125 GeV Higgs data, B physics, searches for low and high mass resonances, searches for SUSY particles at the LHC, dark matter relic density by WMAP/Planck, and direct searches for dark matter by LUX, XENON1T, and PandaX-II. We find that under the above constraints, the scNMSSM can still (i) satisfy muon g-2 at 1σ level, with a light muon sneutrino and light chargino; (ii) predict a highly-singlet-dominated 95 GeV Higgs, with a diphoton rate as hinted at by CMS data, because of a light higgsino-like chargino and moderate λ; (iii) get low fine tuning from the GUT scale with small µ eff , M0, M 1/2 , andA0, with a lighter stop mass which can be as low as about 500 GeV, which can be further checked in future studies with search results from the 13 TeV LHC; (iv) have the lightest neutralino be singlino-dominated or higgsino-dominated, while the bino and wino are heavier because of high gluino bounds at the LHC and universal gaugino conditions at the GUT scale; (v) satisfy all the above constraints, although it is not easy for the lightest neutralino, as the only dark matter candidate, to get enough relic density. Several ways to increase relic density are discussed.
Introduction
In July 2012, the Higgs boson was discovered at the LHC [1, 2] , and searching for physics beyond the Standard Model (SM) has now become the main objective in high energy physics. Supersymmetry (SUSY) is one of the most popular theories for new physics. As the simplest SUSY model, the minimal supergravity model (mSUGRA) has attracted a lot of attention from both theorists and experimentalists. However, it cannot predict a 125 GeV SM-like Higgs when considering all the constraints, including muon g-2 at 2σ level, and dark matter [3, 4] . When we give up uniform parameters at the grand unification (GUT) scale, the MSSM can satisfy all the constraints well, but there is a problem with fine-tuning [4] .
After the Higgs boson was discovered, it became necessary to ask whether there is a second Higgs-like particle. Searches at LEP, the Tevatron, and the LHC have excluded a lighter SM-like Higgs, while a lighter second Higgs with rates lower than the SM-like one could still be possible. Recently, the CMS collaboration presented their searches for low-mass new resonances decaying to two photons. For both the 8 TeV and 13 TeV dataset, a small excess around 95 GeV was hinted at, with approximately 2.8σ local (1.3σ global) significance for a hypothetical mass of 95.3 GeV in combined analysis [5] . This result has been interpreted or discussed in several papers [6] . The MSSM cannot predict such a lighter second Higgs together with a 125 GeV SM-like Higgs under other constraints like the muon g-2 and dark matter [4] .
The next-to-minimal supersymmetric Standard Model (NMSSM) has more freedom to predict a SMlike 125 GeV Higgs, under all the constraints and with low fine-tuning [4] . At the same time, it can also predict a lighter second Higgs with rates lower than the SM-like one [7, 8] . Since simple models are usually more favoured, the fully constrained NMSSM (cNMSSM) [9] [10] [11] and the semi-constrained NMSSM (scNMSSM) are also being studied [12, 13] . For the full cNMSSM, with all soft SUSY breaking terms unified at the GUT scale, including M Hu = M H d = M S = M 0 , there should be only four continuous parameters, the same as mSUGRA. While in many studies of the cNMSSM [9] [10] [11] , there is an additional parameter λ, for a singlet scalar M S does not in fact need to be unified. Such an issue was also pointed out in Ref. [14] . In the 5-parameter and 4-parameter cNMSSM, the SM-like Higgs cannot get to 125 GeV under all the constraints including muon g-2 [9, 11] . The scNMSSM is also called the non-universal Higgs mass (NUHM) version of the NMSSM, for it allows the soft SUSY breaking terms in the Higgs sector to be different. In Ref. [9] , the parameter λ is always less than 0.1, so the results in Higgs sector may not be much different from the NUHM version of MSSM, e.g., the 125 GeV SM-like Higgs is always the lightest Higgs. In Refs. [12, 13] , the muon g-2 constraint is set aside. In this paper, we consider all the constraints, including muon g-2, and also require a lighter Higgs with rates constrained by LEP, Tevatron, and LHC searches. For the dark matter relic density, we only apply the upper bound [8] , considering that there may be other sources of dark matter [15] . We focus on the muon g-2, its relation to model parameters, SUSY particle masses, and other constraints like the dark matter relic density. This paper is organized as follows. First, we briefly introduce the NMSSM and scNMSSM in Section 2. In Section 3, we discuss the constraints on the model, present our numerical results and have some discussion. Finally, we draw our conclusions in Section 4.
The NMSSM and scNMSSM
In the NMSSM, the Higgs sector consists of two complex doublet superfieldsĤ u andĤ d , and one complex singlet superfieldŜ. Then the superpotential of the NMSSM with Z 3 symmetry is given by [16] 
where W F is the superpotential of the MSSM without the µ-term, which is the Yukawa couplings ofĤ u andĤ d to the quark and lepton superfields [17] . At electroweak symmetry breaking, the Higgs fieldsĤ u ,Ĥ d andŜ get their vacuum expectation values (VEVs) v u , v d and v s respectively, with tanβ ≡ v u /v d . Then their scalar component fields can be written as
where H + i , φ i and ϕ i (i = u,d) represent the charged, neutral CP-even and neutral CP-odd component fields respectively. So the first term in W NMSSM generates an effective µ-term, µ eff =λv s .
With the superpotential, we can get the so-called 'Fterm' of the Lagrangian [16] ,
where 12 =− 21 =1 and 11 = 22 =0. With this rotation,
where G + and G 0 are Goldstone bosons eaten by W + and Z respectively, and
GeV is the VEV of the Higgs field in the SM. Thus the field H 2 is the SM Higgs field.
In the CP-conserving NMSSM, the field S 1 , S 2 and S 3 mix to form the three physical CP-even Higgs bosons h i (i = 1,2,3), and the fields P 1 and P 2 mix to form the two physical CP-odd Higgs bosons a i (i=1,2).
In the basis {S 1 ,S 2 ,S 3 }, the elements of the corresponding mass matrix are given by [18] :
where M A is the mass scale of the doublet field H 1 , and it is given by
The mass matrix in Eq.(12) can be diagonalized by an orthogonal matrix [S ij ] . We can get the mass eigenstates of CP-even states h i as
where S ij are the coefficients of S j in the mass eigenstate 
We assume that the lightest neutralino is the lightest SUSY particle (LSP) and makes up dark matter.
In the basis {B,W 0 ,H u ,H d ,S }, the tree-level neutralino mass matrix takes the form [16, 19] 
Chargino sector: The charged higgsinosH
(with mass scale around µ eff ) and the charged gauginoW ± (with mass scale M 2 ) can also mix respectively, forming two couples of physical charginos χ
Gluino sector: As a gauge boson, each gluon also has a same-color superpartner, which is also sorted into gauginos, and whose mass is close to its soft mass M 3 .
Squark and slepton sector: Each quark or charged lepton has two chiral-eigenstate superpartners f L andf R , which mix to form two mass-eigenstate superpartners. The mass difference between the two mass eigenstates is proportional to the corresponding trilinear couplings A f . Since the Yukawa couplings of the first two generations of fermions are very weak, the two superpartners of each fermion can be seen as mass-degenerate. In the NMSSM, with only the left-hand state, each neutrino has only one superpartner, whose mass is equal or close to its soft mass ml.
scNMSSM:
In the fully constrained NMSSM (cNMSSM), like the fully constrained MSSM (cMSSM/mSUGRA), the soft SUSY breaking terms in the Higgs sector are assumed to be unified with those of the squark and slepton sectors at the GUT scale. However, in the semi-constrained NMSSM (scNMSSM), we allow the soft SUSY breaking terms in the Higgs sector to be different. So, in the scNMSSM at the GUT scale, the universal parameters are [12, 13] :
The Higgs soft masses
and M
2
S are allowed to be different from M 2 0 , and the trilinear couplings A λ , A κ can be different from A 0 . Since we have three minimisation equations for the VEVs [20] , the three Higgs soft masses can be determined with other parameters. Hence, in the scNMSSM we choose the complete parameter sector as:
Parameters running in scNMSSM: Parameters at the GUT scale should run via renormalization group equations (RGEs) to SUSY-breaking scale M SUSY . The GUT scale is usually about 10
16 GeV, and M SUSY is usually chosen to be at 10 3 GeV scale. Then, the approximate running of some parameters can be written as [21, 22] :
3 Numerical results and discussion
In this work, we use the program NMSPEC MCMC [10] in NMSSMTools 5.2.0 [21] to scan the parameter space of the scNMSSM by considering various experimental constraints. We chose the parameter space to scan as follows: 0.3<λ<0.7, 0<κ<0.7, 1<tanβ <30,
where we have the following considerations in our choice of parameter space: 1) Small µ eff and M 0 , to get large muon g-2 and also low fine tuning.
2) Large λ (>0.3) to make our results much different from those of the MSSM in Higgs physics, since there is only one term different in the superpotential between NMSSM and MSSM: λŜĤ uĤd in Eq. (1), for the doubletsinglet mixing.
3) Smaller tanβ (< 30) than in MSSM, as in the NMSSM scenario of h 2 as the 125 GeV SM-like Higgs.
In this scenario, we should have |M 23 | |M 33 | < M 22 in the Higgs mass matrix Eq. (12), thus
A λ at the SUSY breaking scale should not be too large, since we have another term of doublet-singlet mixing λA λ SH u .H d in the soft breaking terms in Eq. (6).
In the scan, we required the surviving samples to satisfy the following constraints:
1) Theoretical constraints of vacuum stability, and no Landau pole in running λ, κ, and Yukawa couplings below M GUT [10, 21] .
2) The second light scalar CP-even Higgs, h 2 , as the SM-like Higgs boson with mass around 125 GeV (e.g., 123 < m h 2 < 127 GeV), with its production rates fitting LHC data globally. For the global fit we used a method like that in our former works [7, 23] , with the Higgs data updated with Fig. 3 from Ref. [24] and the left part of Fig. 5 from Ref. [25] . There are 20 experimental data sets in total, so we require χ 2 ≤ 31.4, which means each surviving sample fits 20 experimental data sets at 95% confidence level.
3) Constraints of searches for low mass and high mass resonances at LEP, Tevatron, and LHC. These constrain the production rates of light and heavy Higgs. We implemented these constraints by the package HiggsBounds-5.1.1beta [26] . We also required the mass of the light Higgs to be 65∼122 GeV, since we checked that below 65 GeV its diphoton rate is always very small because of the strong constraints at LEP. Also, when the light Higgs is lighter than 62 GeV, exotic decays of the 125 GeV Higgs will be generated, which we have discussed in detail in our former paper [7] . 4) Constraints of searches for squarks of the first two generations and gluinos at Run I of the LHC 1) . We follow the result in Ref. [13] :
We use the constraints of mass bounds of chargino and 1) For the stop mass, we checked that our result satisfies the simulation result of mt 1 500 GeV in Ref. [27] . For 13 TeV search results at the LHC, all these bounds may be a little higher, but we checked that with stricter constraints, e.g., mq 1,2 >1200 GeV, mg >1800 GeV, and mt 1 >600 GeV, our results, such as muon g-2, do not change much. We will check the exact bounds of these sparticle masses in this model in our future work by doing detailed simulations.
sleptons from LEP. We also checked our surviving samples with SModelS-v1. . (23) 6) Constraints from dark matter relic density from WMAP/Planck [38, 39] , the spin-independent (SI) results of direct searches for dark matter at LUX 2017 [40] , PandaX-II 2017 [41] , and XENON1T 2018 [42] , and the spin-dependent (SD) results of direct searches for dark matter by PICO, LUX, and PandaX-II in 2016 [43] . We require the lightest neutralino χ 0 1 to be the dark matter candidate. For the relic density, we only apply the upper bound, e.g., 0 Ω 0.131, considering that there may be other sources of dark matter [8, 21] .
7) The constraint of the muon anomalous magnetic moment (muon g-2) at 2σ level including the theoretical error. For the experimental data and SM calculation without boson contributions, we use [44, 45] :
We calculate the SUSY contribution δa µ including SMlike bosons, and require it to satisfy δa µ at 2σ level. We also include our error in the SUSY δa µ calculation, which is about 1.5×10 −10 . 8) The theoretical constraint of low fine tuning from the GUT scale, which is defined by [46] :
where each p GUT i denotes a parameter at the GUT scale:
where g = g 2 1 +g 2 2 /2, y t is the Yukawa coupling of the top quark, and M GUT is the GUT scale. We require F T <1000 for each surviving sample.
We take a modified multi-path Markov Chain Monte Carlo (MCMC) scan in parameter space, where we do not use likelihood functions. Instead we require each good point to satisfy all our experimental constraints at 2σ level, or below the upper limits of 95% (for the DM direct detection, it is 90% following data released by the collaborations). Each time we get a good point surviving all our constraints, we save the point, and search for the next good point around the former one. Since we use a Gaussian random number and set a not-small standard step, the later good point can be much different from the former one, which ensures we get as much as possible of the surviving parameter space available. In total, we get nearly 10 6 surviving samples. As some samples may be very similar to each other, we remove most repetitive samples by calculating the distance between them. First, we normalize all samples by using min-max normalization (MMN), which is just a linear transformation of the original data. We normalize each sample to 9 dimensions, as there are 9 free parameters x i in the scanx
After this linear transformation, all of these 9 new parametersx i will fall in [0,1]. Then we calculate the Euclidean distance between all these surviving samples. If the distance between two points is too small, we just select one of them randomly. For each panel in the following figures, to make them look good and be of small size, we take a MMN similarly but in 3 dimensions, which are the horizontal, vertical and color-indicated quantities.
In Fig. 1 , we project the surviving samples on the λ−tanβ, A 0 −M 1/2 and A 0 −M 0 planes. We show fine tuning from the GUT scale (left and middle panels) and the lighter stop mass mt 1 (right panel) by different colors. We can see from the left and middle panels that fine tuning F T can be as low as around 150 at most. In the left panel, we can also see that low-fine-tuning samples are mostly located in the tanβ 15, or 15 tanβ 25 but λ 0.4 regions. This is because, according to the minimisation equation of v u [46] ,
where
is a function of λ, tanβ, etc. We checked that for most of the surviving samples, the largest fine tuning comes from parameter M Hu , and that of the rest comes from parameter λ. According to RGE running, |M 2 Hu | is related to M 0 , M 1/2 , andA 0 , thus we can see from the middle panel that samples with small M 1/2 and A 0 usually 2) This includes many constraints on stopt 1 [30] [31] [32] [33] , chargino χ ± 1 and neutralino χ 0 2 [34, 35] . We checked that it cannot give the surviving samples further strong constraints, because for the surviving samples: χ have low fine tuning. From the middle and right panels, we can see that these surviving regions are not symmetric around A 0 = 0, where negative A 0 is more favored. This is because at SUSY-breaking scale we have M 
according to the RGEs. We have M 1/2 700 GeV, mainly because we require mg 1400 GeV, while at SUSYbreaking scale M 3 ≈ 2.4M 1/2 . Later we can see from Fig. 4 that M 1/2 has upper bounds of about 1500 GeV mainly because of the constraint of muon g-2. Finally, in the right panel, we can see the mass of the stop can be as low as about 500 GeV. We will continue studying these light-stop cases in our future work, by doing detailed simulations based on the search results at the 13 TeV LHC.
In Fig. 2 , we project the surviving samples on the λ versus κ (left), and R(pp→h 1 →γγ) versus m h 1 (middle and right) planes respectively. We show the singlet component in h 1 (left and middle panels) and the reduced squared coupling |C h 1 γγ /SM | 2 (right panel) by different colors. We can see from the left and middle panels that most of the samples have |S 13 | 2 approaching 1, which means they are highly singlet-dominated. The singlet component in h 1 is 0.5 at least, since h 2 is the SM-like Higgs. It can be sorted into two regions in the λ−κ plane: 
The samples of |S 13 | 2 0.9 are mainly in the latter region, because in the former region, with small κ/λ we will have |M . This is because for the former samples, we have light higgsino-like chargino (see Fig. 4 ) and moderate λ, thus large h 1 γγ loop-reduced coupling and large h 1 → γγ branching ratio. For the latter samples, the h 1 reduced coupling to γγ can be smaller than to other SM particles like bb, thus the h 1 →γγ branching ratio cannot be large. We checked that the reduced h 1 γγ coupling can be two times that of the doublet component in h 1 (1−|S 13 | 2 ) for the former, while it can only be about 0.5 for the latter. According to the latest result of the search for low-mass resonances by CMS, the suspected resonance is at around 95 GeV, with a diphoton rate of about 0.5±0. 2 [5] . We can see that we have some samples providing such a signal. In Table 1 , we provide the detailed information of four such samples for further study. The search results for lowmass resonances by ATLAS at Run I of the LHC [47] are also shown on the middle and right panels. We can see that the upper limit from ATLAS is higher than that from CMS, and further results from ATLAS are needed to cross check the suspected excess.
In Fig. 3 we show the properties of dark matter in the scNMSSM. In this work, we require the lightest neutralino χ Table 1 . Four representative samples predicting the diphoton rate hinted at by CMS data, where R h 1 →γγ is the same as R(gg→h1 →γγ) elsewhere in this paper. a ratio of Ω/Ω 0 , with the right relic density Ω 0 h 2 =0.1187 [38, 39] . Hence we adjust the SI scattering cross section of each sample by tuning the corresponding ratio Ω/Ω 0 . Since the results of searches for gluinos at the LHC require M 3 mg 1400 GeV, and the universal gaugino mass at GUT scale requires
while µ eff <200 GeV and κv S =µ eff ·κ/λ, according to the tree-level neutralino mass matrix Eq. (16), we can infer that the main components of χ 
We can categorize the surviving samples into three classes, which can be called the h/Z funnel, focus point, and A 1 funnel scenarios respectively, as in Ref. [48] . 1) From the middle and right panels of Fig. 3 , we can see that in the h/Z funnel scenario, its mass m χ 0 1 m h 2 /2, and its relic density is only about 1/10 of the WMAP data at most. For some samples the SI scattering cross section before adjustment with Ω/Ω 0 are above the exclusion limit by XENON1T 2018, LUX 2017, and PandaX-II 2017. Combining with the left panel, we can see that, in the h/Z funnel scenario, the larger λ the smaller its relic density. This is because a pair of singlet-dominated χ 2) In the focus point scenario, when m χ 0 1 is slightly larger than m W , the main annihilation mechanism is χ . The relic density cannot be even larger, because it is very hard for a higgsino-like χ 0 1 to unlimitedly approximate to m W , and also the results for SI scattering cross section in 2018 give even stronger constraints on this scenario.
3) For the other samples, including both singletdominated and higgsino-dominated χ 0 1 cases, the main annihilation mechanism is the A 1 funnel, where the light CP-odd scalar A 1 is usually singlet-dominated ( 90%), but has a ϕ d composition of several percent. Thus there can be a large A 1 χ 0 1 χ 0 1 coupling for large λ or κ, and a considerable A 1 bb coupling for the ϕ d composition and large tanβ. In this scenario, a pair of χ 0 1 mainly annihilates through A 1 , and bb and τ + τ − are produced. We also consider the spin-dependent (SD) results of direct detection for dark matter [43] . However, we checked that the current upper exclusion limits of SD results are much higher than the SI ones, and they impose no further constraints on our surviving samples. So in this work, we do not discuss the SD results further.
From the left panel of Fig. 4 , we can interpret muon g-2 (δa µ ) at 1σ level, and the main contribution comes from the loop of chargino χ Fig. 4 we can see that the chargino loop can contribute much because both the chargino χ 0 1 and muon sneutrinoν µ can be very light. The lighter they are, the larger muon g-2 is. From the right panel, the sneutrino mass is mainly determined by M 0 and M 1/2 . In fact, the relation is roughly
we can infer and have checked that, with higher gluino mass mg ≈2 TeV, the sneutrino mass can still be low as about 400 GeV, and thus muon g-2 can still satisfy the data at 1σ level.
Conclusions
In this work, we have checked the status of the scN-MSSM under current constraints, such as 125 GeV Higgs data, searches for low and high mass resonances, searches for SUSY particles at the LHC, B physics, muon g-2, dark matter relic density by WMAP/Planck, and direct searches for dark matter by LUX 2017, PandaX-II 2017, and XENON1T 2018. First, we scanned the parameter space of the scNMSSM in 9 dimensions with the MCMC method. For each valid sample, we calculated its various physical quantities and required them to satisfy corresponding constraints. For the surviving samples, we analyzed fine tuning from the GUT scale, SUSY particle masses, the light scalar and its diphoton signal, dark matter relic density and direct detection, muon g-2, and their favoured parameter space. Finally, we come to the following conclusions regarding the scNMSSM: 1) For low fine tuning samples, small µ eff , M 0 , M 1/2 , A 0 , are more favored, and the lighter stop mass can be as low as about 500 GeV, which can be further checked in future works with search results at the 13 TeV LHC.
2) For light higgsino-like charginos and moderate λ, the highly-singlet-dominated light scalar can have a considerable diphoton rate, satisfying the latest results of the search for low-mass resonances by CMS.
3) For high gluino bounds at the LHC and the condition of universal gauginos at the GUT scale, the lightest neutralino can only be singlino-dominated or higgsino- 4) For light muon sneutrino and light higgsino-like charginos, we can get large muon g-2, while the contribution of neutralinos cannot be large because bino-like and wino-like neutralinos are heavy.
5) The model can satisfy all the above constraints, although it is not easy for the lightest neutralino, as the only dark matter candidate, to get enough relic density.
Considering the disadvantage of the scNMSSM, one can try three main kinds of ways to raise the relic density: 1) Considering other source of relic density, e.g., the effects of modifications of the expansion rate and of the entropy content in the early universe.
2) Changing the LSP to another sparticle, such as bino-like neutralinos in the non-universal gaugino cases, or sneutrinos in the right-handed neutrinos extended case.
3) Reducing λ and κ in the h/Z funnel scenario, although this way may lose a light Higgs.
